Background-Adult survivors of childhood Central Nervous System (CNS) tumors may be at risk for pulmonary dysfunction. This study enumerates the incidence of pulmonary dysfunction and explores associations between craniospinal irradiation (CSI) and pulmonary dysfunction among survivors of childhood CNS tumors.
Introduction
Recent estimates from the Surveillance, Epidemiology and End Results program suggest that in the modern era, 70% of children diagnosed with Central Nervous System (CNS) malignancies will become 5-year survivors. [1] Nevertheless, curative treatment has not come without cost. Documented complications of anti-cancer therapy in this population include neurocognitive, neurologic, and neuroendocrine sequelae, as well as secondary neoplasms. [2] [3] [4] [5] In addition, because many CNS tumor survivors were treated with craniospinal irradiation (CSI) and/or chemotherapy, their lungs were exposed to potential toxins, placing them at risk for pulmonary damage.
The lung is one of the most radiation-sensitive organs in the body. In addition to the direct effects on lung tissue, [6] spinal field radiation may also affect spinal growth, [7] and is associated with scoliosis and chest wall deformity. [8, 9] Reduced lung volume and limited chest wall mobility may compound direct injury to the lung and contribute to the pathogenesis of long-term pulmonary dysfunction. [10] Two studies have suggested an association between CSI and late-onset pulmonary dysfunction among childhood CNS tumor survivors. [11, 12] However, because of small sample sizes and heterogeneous radiation doses, neither investigation was able to evaluate the association between radiation dose and pulmonary dysfunction.
Children with CNS tumors often receive chemotherapy in addition to radiation. Some agents, for example bleomycin, carmustine (BCNU), lomustine (CCNU), busulfan, and cyclophosphamide, are also associated with pulmonary injury. [13] In a reported series of 17 children who survived after treatment with CSI and BCNU for malignant CNS tumors, nine died later from pulmonary fibrosis. [14] [15] [16] Among the eight patients still alive 25 years after diagnosis, seven had radiologic evidence of upper zone pulmonary fibrosis. [14] The Childhood Cancer Survivor Study (CCSS) provides an opportunity to confirm, in a well-defined cohort, the associations between CSI and long-term pulmonary complications among survivors of childhood onset CNS tumors. Therefore, the aims of this study were to enumerate the incidence of pulmonary dysfunction, and explore potential associations between CSI and pulmonary dysfunction among survivors of childhood CNS tumors.
Methods

Participants
The CCSS is a retrospective cohort study designed to evaluate the impact of childhood cancer and its treatment on long-term function and health. [17, 18] Participants were diagnosed and treated at one of 26 collaborating institutions in North America between 1970 and 1986 when 21 years of age or younger. Institutional review boards of participating centers reviewed and approved the CCSS protocol. Cohort entry was limited to individuals who survived for at least five years after original diagnosis. Participants have completed multiple questionnaires since their original enrollment (available at http://ccss.stjude.org). Institutional Board Approval was obtained for Human Subjects Research at each collaborating center. The study population for this analysis included 1,653 childhood onset CNS tumor survivors who consented to medical record abstraction and a sibling comparison group (N=4,023).
Questionnaire and medical record abstraction
The primary outcomes of interest were pulmonary conditions reported by participants on the baseline, year 2000, and year 2007 surveys. Conditions were categorized into seven groups: (1) pulmonary fibrosis; (2) emphysema/obliterative bronchiolitis; (3) interstitial pneumonia/ pleurisy; (4) abnormal chest wall (kyphosis, scoliosis, acquired deformity of the chest or ribs); (5) chronic cough/shortness of breath; (6) asthma; and (7) need for extra oxygen. The timing of each pulmonary condition was determined by age at first occurrence. Treatment information was obtained from medical records by trained abstractors. Radiation exposures to the heart and lungs were reviewed and quantified by a radiation physicist (MS) with maximum radiation doses estimated.
Given the known associations between cardiac and pulmonary dysfunction in childhood cancer survivors, cardiovascular event history was considered as a covariate in multiple variable models. Events including coronary heart disease, congestive heart failure, arrhythmia, heart valve problems, and stroke were obtained from participant report on the baseline, 2000, and 2007 questionnaires. In addition, age at primary diagnosis, current age, gender, and smoking status (ever, never, current, unknown) were considered as covariates in multiple variable models.
Statistical Analysis
Descriptive statistics, stratified by radiation exposure and location, were calculated to describe demographics, treatment characteristics, distributions of cardiac disease history, and smoking status among the study population. For each pulmonary condition, the prevalence rate was calculated at five years from primary CNS tumor diagnosis. Incidence rates were calculated for pulmonary conditions that occurred five or more years from the initial CNS tumor diagnosis. Incidence rates among survivors were compared to incidence rates among siblings using Generalized Estimating Equations (GEE) to account for withinfamily correlation, adjusted for age at follow-up and sex.
To assess the impact of CSI on each pulmonary condition, multivariable Poisson regression was used. The follow-up time started at a point five years from original diagnosis and ended at the earliest of the pulmonary condition of interest, second malignant neoplasm, late recurrence, or death. All models were adjusted for (1) age during follow-up (timedependent), (2) history of cardiovascular disease (time-dependent), and (3) because of the large number of potential confounding variables, a propensity score, [19] which included gender, age at diagnosis, current smoking status, chemotherapy [nitrosoureas (yes/no), other alkylating agent (yes/no), antimetabolites (yes/no), antitumor antibiotics (yes/no), and other drugs that at least 2% of survivors had received] as covariates. Multiple imputation under the assumption of "missing at random" [20] was used to estimate the missing time of some of the reported pulmonary conditions using the method of Taylor et al. [21] Table I by radiation exposure. Over one-half (54.7%) were male and 41.3% were diagnosed when six years of age or younger. Median age at diagnosis was 7.6 (range 0-21) years, and median age at last questionnaire completion was 31.2 (range 9.1-56.4) years. Among 4,023 siblings who completed the baseline survey, 2,540 (63.1%) and 2,373 (59.0%) completed the 2000 and 2007 follow-up questionnaires, respectively. Among the 2,540 siblings who completed the 2000 questionnaire, 1,746 (73.6%) completed the 2007 questionnaire. Almost one-half (48.1%) of siblings were male. The median age of siblings at last questionnaire was 33.9 (range 3.1-62.6) years. Among survivors, the median length of follow-up (from cohort entry) was 18.5 (range 3.3-33.9) years. Tumor histology was astrocytoma/glial tumor in 66.2%, and medulloblastoma/primitive neuroectodermal tumor in 21.4% of survivors. Nearly two thirds (64.6%) were exposed to CSI; 29.0% of survivors had no radiation exposure history. One fourth (25.1%) had received maximum lung radiation doses of more than 20 Gray (Gy). A similar percentage (25.2%) had maximum cardiac radiation exposures of more than 10 Gy.
Results
Incidence rates, per 1,000 person years, for pulmonary outcomes, are shown in Table II . The incidence of emphysema/obliterative bronchiolitis was 9.1, (95% CI 7.8-10.6 cases per 1,000 person years). Chronic cough/shortness of breath, need for supplemental oxygen and asthma had incidence rates > 3 cases per 1,000 person years. Pulmonary fibrosis, interstitial pneumonia/pleurisy and chest wall deformities were uncommon with incidence rates of 0.6, 1.6, and 0.4 per 1,000 person years, respectively. At 40 years from diagnosis, the cumulative incidence of emphysema/obliterative bronchiolitis was 20.8%, (95% CI 19.5-22.0), the cumulative incidence of chronic cough/shortness of breath was 7.3% (95% CI 6.4-8.4), and the cumulative incidence of asthma was 8.0% (95% CI 7.0-9.0). Survivors had higher rates than siblings of pulmonary fibrosis, chest wall deformities, chronic cough/shortness of breath and need for extra oxygen. Table III shows the association between CSI and pulmonary dysfunction. After adjustment for current age, history of cardiac disease, and propensity score, risk for a chest wall deformity among survivors who had received CSI was 10.4-times (95% CI 7.6 to 14.4) higher than among those who had not. There was not an increased risk for other pulmonary conditions among individuals who received CSI when compared to those who had not. Although we did not have statistical power to include individual chemotherapy agents in our models, Table IV shows the percentages with adverse pulmonary outcomes among survivors exposed to specific chemotherapy agents.
Discussion
Pulmonary toxicity is a well-established long-term complication of exposure to certain anticancer therapies in childhood [13] and can vary from subclinical to life threatening. Previous studies have enumerated pulmonary complications among survivors of childhood and adolescent cancer and have reported specific risk factors for poor outcomes. [22] [23] [24] [25] Our study adds to current knowledge by documenting adverse pulmonary outcomes specifically among survivors of CNS malignancy, with a focus on evaluating the effects of CSI. This is one of the first studies to quantify reported pulmonary conditions among childhood and adolescent CNS tumor survivors followed nearly 25 years after their original diagnoses. Based on self-report, we found that asthma, emphysema/obliterative bronchiolitis, and chronic cough/shortness of breath were present at rates greater than 3 cases per 1,000 person years. Moreover, our data showed that CNS survivors continue to be at risk for new onset pulmonary conditions beyond five years following diagnosis.
The reported incidence of asthma (3.5 per 1,000 person years) after treatment of childhood CNS malignancy is similar to a previous report from the CCSS. [23] Mertens et al, using data from the baseline questionnaire, reported asthma rates five or more years post-diagnosis among survivors of all diagnoses at 3.8 per 1,000 person years. These rates were higher than rates among siblings (Relative Risk of 1.3; 95% CI: 1.1-1.5). [23] Diagnosis specific rates were not reported in this manuscript. Data from two other childhood cancer survivor cohorts report cross-sectional prevalence of asthma at 6.2% among 1,065 adult survivors (10.2% CNS tumor survivors) in Switzerland, [26] and 23.0% among 102 children treated for acute myeloid leukemia (AML) in the Nordic countries. [27] Although the Swiss cohort included CNS tumor survivors likely treated with CSI, the authors did not report associations between treatment and asthma, but rather examined the association between asthma prevalence and concurrent acetaminophen use. The Nordic study did not include survivors treated with radiation.
Our findings of an association between CSI exposure and an abnormal chest wall are consistent with two investigations that included survivors of childhood medulloblastoma. Gerosa et al reported kyphoscoliosis in 25% of 28 survivors whose treatment included spinal irradiation (30 to 35 Gy), [9] and Gaspar et al reported scoliosis in 18% of 11 survivors 4 to 18 years after radiation treatment (electrons) that included 35 to 37.5 Gy to the spine. [8] Radiation induced scoliosis and rib cage deformities alter mechanical properties of the chest wall and interfere with lung function. Hartley et al measured vertebral body growth rates in 61 children with CNS tumors (40 boys; median age, 7 years) before and after CSI (23.4 or 36-39.6 Gy; median follow-up 44 months) and found that spinal growth rates were inversely proportional to CSI dose. [7] Data from an earlier study among children treated for Wilms tumor indicate that in addition to its effect on bones of the chest wall, [28] radiation of the thorax affects lung parenchyma, reducing lung volume, and impairing dynamic compliance, contributing to deformity of both the lung and chest wall. [29] [30] [31] Although our data are from self-report and do not include traditional pulmonary function tests, the association between CSI and chest wall deformity in this study may be a mechanism to help explain the findings of restrictive lung disease previously reported among 24-50% of childhood CNS tumor survivors treated with CSI. [11, 12] Endicott et al measured pulmonary function and reported restrictive lung disease in five and diminished diffusion capacity in one of 21 survivors of CNS malignancies. [11] Jakacki et al, in a group of 28 CNS tumor survivors, reported a 4.3 increase in risk for restrictive lung disease among individuals exposed to CSI when compared to those who were not exposed. [12] We did not find associations between CSI and severe lung disease, such as fibrosis, in these mostly adult survivors of childhood CNS tumors. This is likely because, in most cases, the volume of the lung (<10%) exposed to radiation was small. It is believed that pulmonary effects of radiotherapy including pneumonitis and fibrosis are not only dose-, but also volume-dependent. [32] [33] [34] These data should be considered in the context of several study limitations. First, there were relatively few late-onset pulmonary conditions in our cohort, which precluded evaluation of a radiation dose gradient and pulmonary outcomes. The sparsity of outcomes also made it impossible to evaluate independent or additive contributions of specific chemotherapeutic agents to pulmonary toxicity among survivors who received CSI. Additionally, our data are from self-report. Pulmonary dysfunction may be underestimated because our questionnaire required that survivors have significant enough symptoms to visit a clinician to have their condition diagnosed. Respiratory insufficiency in early stages is likely managed by subtle and unrecognized lifestyle changes, like avoiding steps and driving instead of walking. Our data do not include disease outcomes of a subclinical nature. Finally, radiation techniques have changed considerably since the time when the patients in this cohort were treated. Treatment options today include conformal and intensity modulated techniques and proton therapy, approaches designed to spare normal tissue. The results of this analysis may not be applicable to future survivors.
Conclusions
This study describes the rates of adverse pulmonary outcomes specific to a cohort of survivors of childhood onset CNS tumors nearly 25 years after diagnosis of their primary malignancy. Pulmonary dysfunction continues to manifest more than five years after diagnosis and craniospinal irradiation is likely a risk factor for chest wall deformity. Cumulative incidence percentages of adverse pulmonary outcomes among survivors of childhood CNS tumors. Prevalence at 5 years from diagnosis could not be calculated for siblings because they have no childhood cancer diagnosis.
b
Rate ratio is survivor compared to sibling incidence rate, adjusted for sex and age during follow up. 
